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1.  Introduction 

Heterostructure  barrier  varactor  (HBV)  diodes  are  desirable  de¬ 
vices  for  use  in  high-frequency  multiplier  circuits.  The  HBV  is  a 
symmetric  varactor  and  therefore,  in  a  multiplier  circuit,  generates 
only  odd  harmonics  and  requires  no  DC  bias  for  operation.  As  com¬ 
pared  to  a  multiplier  circuit  employing  conventional  Schottky  var¬ 
actors,  this  reduces  the  required  number  of  idlers  and,  thereby,  the 
complexity  of  the  circuit  design,  in  addition  to  reducing  the  DC 
power  consumption  of  the  circuit.  Furthermore,  multiple  barriers 
may  be  added  to  the  varactor  layer  structure,  increasing  its  power 
handling  capabilities  without  increasing  its  footprint  [1-3]. 

Previous  HBV  diodes  in  the  AlxGai_xAs/GaAs  material  system 
suffered  from  poor  efficiencies  as  a  result  of  high  leakage  currents, 
a  consequence  of  the  low  conduction  band  offset  between  GaAs 
and  AlAs  (AEc,GaAs/AiAs  =  0.27  eV)  [4,5].  Diodes  in  the  InP  lattice- 
matched  material  system,  using  strained  AlAs  as  the  barrier  mate¬ 
rial,  have  shown  improved  performances  (e.g.,  increased  power 
output,  increased  efficiencies)  over  their  AlxGai_xAs/GaAs  counter¬ 
parts  due  to  the  increased  conduction  band  offset  (~1.0eV)  and 
conductivity  of  Ino.53Gao.47As.  But,  due  to  the  difficulties  associated 
with  growing  strained  AlAs  on  InP,  the  design  and  fabrication  of 
these  devices  becomes  more  complicated  [5-7]. 
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By  adapting  the  HBV  diode  to  Sb-based  material  systems, 
improvements  in  performance  could  be  seen  over  those  in  the 
AlxGai_xAs/GaAs  and  InP  lattice-matched  systems  due  to:  the 
increased  conduction  band  offset  between  InAs  and  the  various 
Sb-based,  wide  bandgap  semiconductors  (AlSb:  AEc~l-4eV, 
In0.3Alo.7As0.4Sbo.6:  AEC  «  1.1  eV)  [8],  which  will  lead  to  reduced 
leakage  currents;  the  lack  of  any  restriction  on  barrier  thickness 
due  to  a  lattice-matched  wide  bandgap  material,  which  will  allow 
greater  flexibility  in  device  design;  a  narrow  bandgap  material  for 
low  contact  resistance;  and  a  high  mobility/high  saturation 
velocity  material  for  low  series  resistances  and,  therefore,  high- 
frequency  response. 

In  this  paper,  we  demonstrate  the  first  InAs-based  HBV  diodes 
fabricated  with  In0.3Alo.7As0.4Sbo.6  as  the  wide  bandgap  barrier 
material.  In0.3Alo.7As0.4Sbo.6  is  chosen  as  the  wide  bandgap  barrier 
material  because  it  offers  a  valence  band  barrier  (AEV  ~ 
100  meV)  in  addition  to  a  conduction  band  barrier  and  being 
lattice-matched,  whereas  no  valence  band  barrier  exists  between 
InAs  and  AlSb,  as  seen  from  the  InAs  (Fig.  1).  Current- voltage 
and  capacitance-voltage  characteristics,  as  well  as  5-parameters, 
of  diodes  with  varying  barrier  thicknesses  are  examined. 
Their  behavior  in  terms  of  traditional  HBVs  and  HBV  models  is 
discussed. 

2.  Device  growth  and  fabrication 

HBV  diode  samples  were  grown  by  solid-source  molecular 
beam  epitaxy  (MBE).  The  layer  structure  consisted  of,  from 
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Fig.  1.  Conduction  and  valence  band  line-up  for  (a)  InAs  and  AlSb  and  (b)  InAs  and 
In0.3Alo.7As0.4Sbo.6  (labeled  InAlAsSb  in  the  diagram). 

substrate  to  surface,  a  semi-insulating  (SI)  InP  substrate,  a  2000  A 
undoped,  lattice-matched  In0.52Al0.48As  buffer,  a  1000  A  undoped 
InAs  buffer,  a  7650  A  n  (Te:  1  x  1017cm-3)  InAs  contact/modula¬ 
tion  layer,  a  50  A  undoped  InAs  spacer  layer,  the  wide  bandgap 
In0.3Alo.7As0.4Sbo.6  barrier  layer,  another  50  A  undoped  InAs  spacer 
layer,  a  1500  A  n  (Te:  1  x  1017  cm-3)  InAs  modulation  layer,  and  a 
100  A  n+  (Te:  1  x  1018cm“3)  InAs  contact  layer.  The 
In0.3Alo.7As0.4Sbo.6  layer  was  grown  as  a  short-period  superlattice 
consisting  of  repeated  layers  of  2  ML  of  Ino.3Alo.7As  and  3  ML  of 
Ino.3Alo.7Sb.  The  superlattice  was  terminated  with  2  ML  of 
Ino.3Alo.7As  in  order  to  provide  a  symmetric  barrier  with  identical 
interfaces  to  the  two  InAs  modulation  layers  (Fig.  2).  Three  struc¬ 
tures  with  the  following  barrier  thicknesses  were  grown:  100  A, 
200  A,  and  300  A.  Fig.  3  shows  the  out-of-plane  X-ray  diffraction 
scan  for  the  structure  with  the  200  A  thick  barrier.  The  measured 
lattice  constant  for  the  InAs  and  barrier  layers  was  approximately 
6.059  A  for  all  samples  with  full-width  at  half-maximums 
(FWHMs)  of  392",  427",  and  408"  for  the  100  A,  200  A,  and  300  A 
barrier  structures,  respectively. 

The  HBV  diodes  were  fabricated  in  a  mesa  diode  configuration 
using  standard  processing  techniques.  Diode  mesas  were  first  de¬ 
fined  using  optical  lithography  and  a  F^PC^FhC^FhO  (1:1:10) 
etch  mixture.  The  diodes  were  etched  to  a  depth  approximately 
1550  A  below  the  wide  bandgap  barrier,  mimicking  the  thickness 
of  the  top  modulation  and  spacer  layers.  Top  and  bottom  contacts 
were  defined  simultaneously  using  optical  lithography,  and 
Ti:Pt:Au  (100:50:2500  A)  unannealed,  Ohmic  contacts  were  depos¬ 
ited  by  e-beam  evaporation.  The  diode  mesa  to  bottom  (cathode) 

/ 

\ 

Fig.  2.  Layer  structure  of  the  InAs-based  HBV  with  In0.3Al0.7Aso.4Sb0.6  as  the  wide 
bandgap  barrier.  The  In0.3Alo.7As0.4Sbo.6  is  grown  as  a  short-period  superlattice  of 
2  ML  Ino.3Alo.7As  and  3  ML  Ino.3Alo.7Sb  with  a  final  2  ML  Ino.3Alo.7As  layer. 
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Fig.  3.  Out-of-plane  X-ray  diffraction  scan  for  the  HBV  diode  structure  with  the 
200  A  thick  barrier.  The  InAs  and  In0.3Alo.7As0.4Sbo.6  lattice  constant  is  6.095  A  with  a 
full-width  at  half-maximum  of  427". 

contact  spacing  was  4  pm.  Prior  to  contact  evaporation,  an  oxy¬ 
gen-plasma  descum  and  oxide  removal  dip  in  HC1:H20  (1:10) 
was  performed. 

3.  Measurement,  results,  and  discussion 

The  DC  current-voltage  characteristics  for  the  three  structures 
are  shown  in  Fig.  4.  It  can  be  clearly  seen  that  as  the  barrier  thick¬ 
ness  is  reduced  the  current  level  increases.  The  dependence  of  the 
current  level  on  barrier  thickness  suggests  that  current  transport  in 
these  devices  is,  at  least,  dominated  by  tunneling  through  the  wide 
bandgap  barrier,  if  not  solely  due  to  it,  as  opposed  to  thermionic 
emission  over  the  barrier,  which  would  essentially  be  barrier  thick¬ 
ness  independent. 

Fig.  5  shows  the  capacitance-voltage  (CV)  characteristics  for  the 
three  structures  taken  at  10  MHz  using  a  LCR  meter.  The  LCR  meter 
assumes  a  simple  parallel  resistor-capacitor  (RC)  model  in  its 
determination  of  capacitance.  The  devices  show  near  -90°  phase 
around  zero  bias,  demonstrating  the  highly  capacitive  nature  of 
these  devices.  The  phase  rapidly  climbs  to  0°  at  higher  biases, 


Fig.  4.  Plot  of  current  density  (J)  versus  applied  voltage  (V)  for  the  three  HBV  diode 
structures. 
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which  is  a  result  of  the  increase  in  conduction  current  through  the 
device  and  associated  increase  in  conductance  with  bias.  Due  to 
the  simplistic  nature  of  the  assumed  parallel  RC  model  used,  the 
CV  measurements  become  inaccurate  as  the  phase  moves  away 
from  -90°.  For  more  accurate  measurements  of  the  CV  characteris¬ 
tics  for  the  three  structures,  5-parameter  measurements  were 
performed. 

By  applying  a  more  accurate  and  correct  model  of  the  HBV  to 
the  measured  5-parameter  data,  a  more  accurate  CV  characteristic 
can  be  extracted  over  a  broader  range  of  bias.  The  improved  model 
consisted  of  a  parallel  combination  of  resistance  and  capacitance, 
representing  the  intrinsic  characteristics  of  the  barrier,  with  an 
extrinsic  series  resistance,  which  accounts  for  the  sum  total  of 
the  resistances  outside  of  the  intrinsic  device  (e.g.,  the  bulk  series 
resistance  leading  up  to  the  barrier  and  depletion  regions  and 
the  top  and  bottom  contact  resistances).  Fig.  6  shows  an  example 
of  the  improved  model  applied  to  measured  5-parameter  data. 
For  comparison,  a  simple  RC  parallel  pair  is  also  plotted. 

Fig.  7  shows  the  CV  characteristics  as  extracted  from  5-parame¬ 
ters  for  all  three  structures.  For  comparison,  plots  of  CV  character¬ 
istics  using  the  Chalmers  HBV  diode  model  applied  to  the  100  A 
and  300  A  structures  are  included.  The  Chalmers  HBV  diode  model 
determines  the  capacitance  of  the  HBV  using  a  novel  charge-volt¬ 
age  relationship  that  is  empirically  derived  using  a  classical  deple¬ 
tion  layer  analysis  and  includes  screening  effects  for  low  biases, 
where  the  classical  analysis  commonly  fails  to  predict  the  capaci¬ 
tance  properly  [2].  From  the  figure,  at  low  biases,  the  measured 
capacitance  is  large  relative  to  the  Chalmers  model.  As  the  bias  is 
increased,  the  measured  capacitance  approaches  that  of  the  Chal¬ 
mers  model.  This  suggests  that  some  other  phenomenon,  outside 
of  what  is  modeled  in  the  Chalmers  model,  is  occurring  at  lower 
biases.  At  higher  biases,  this  phenomenon  diminishes  or  is  re¬ 
moved  and  the  HBV  returns  to  the  classical  depletion  behavior  de¬ 
scribed  by  the  Chalmers  model. 

In  order  to  achieve  capacitances  larger  than  those  predicted  by 
the  Chalmers  model,  the  depletion  width  at  the  relative  bias  must 
be  smaller.  To  achieve  a  smaller  depletion  width  at  or  near  zero 
bias,  relative  to  that  dictated  by  simple  depletion,  requires  the 
presence  of  charge  accumulation  layers  near  the  barrier,  which 
would  result  in  a  dramatic  drop  in  the  depletion  width  and  an 
associated  increase  in  capacitance.  As  these  accumulation  layers 
are  depleted,  the  depletion  width  moves  outward  and  away  from 
the  barrier  until  the  accumulation  layer  is  fully  depleted  and  the 
HBV  returns  to  the  depletion  physics  employed  by  the  Chalmers 
model,  resulting  in  a  behavior  predicted  by  the  model.  This  behav- 
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Fig.  5.  Plot  of  capacitance  per  unit  area  (C)  versus  applied  voltage  (V)  for  the  HBV 
diode  samples  measured  using  an  LCR  meter. 


Fig.  6.  Plot  of  the  S-parameter  characteristics  of  the  improved  HBV  lumped  element 
model  versus  measured  S-parameter  data.  The  measured  S-parameter  data  is  of  the 
200  A  barrier  HBV  diode  measured  at  an  applied  bias  of  -0.1  V  from  10  MHz  to 
50  GHz.  The  model  consists  of  an  8.05  Q  resistor  in  series  with  a  parallel  1789  Q 
resistor  and  26.2  pF  capacitor,  plotted  over  the  same  frequency  range.  For 
comparison,  the  S-parameter  characteristics  of  a  simple  parallel  resistor-capacitor 
pair  ( R  =  1759  Q,  C  =  26.2  pF)  is  shown. 


Fig.  7.  Plot  of  capacitance  per  unit  area  extracted  from  S-parameters  (C)  versus 
applied  voltage  (V)  for  the  three  HBV  diode  structures.  The  upper  dashed  curve  is 
the  CV  characteristic  for  a  100  A  barrier  HBV  using  the  Chalmers  model.  The  lower 
dotted  curve  is  the  CV  characteristic  for  a  300  A  barrier  HBV  using  the  Chalmers 
model. 


ior  is  identical  to  the  reverse  bias  behavior  of  a  doped-channel 
high-electron  mobility  transistor  (HEMT).  Device  physics  simula¬ 
tions  of  the  200  A  HBV  (using  ATLAS  from  Silvaco  International), 
incorporating  charge  accumulation  layers  next  to  the  barrier,  agree 
well  with  the  measured  results,  supporting  this  hypothesis  (Fig.  8). 

The  exact  source  of  these  accumulation  layers  is  as  of  yet  un¬ 
known,  but  is  believed  to  be  due  to  diffused  tellurium  (Te)  dopant 
from  the  lower  modulation  layer  into  the  wide  bandgap  barrier 
resulting  in  a  modulation  doping  effect.  The  simulations  performed 
for  this  paper  employed  fixed  charge  within  the  barrier  as  the 
source  for  the  accumulated  charge.  These  simulations  and  the  de¬ 
vice  model,  which  agrees  well  with  the  measured  data  up  to  the 
maximum  measured  frequency  of  50  GHz,  suggest  that  any  charge 
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Fig.  8.  Plot  of  capacitance  per  unit  area  (C)  versus  applied  voltage  (V)  for  the  200  A 
barrier  HBV  structure  measured  using  an  LCR  meter  (Measured,  open  triangles), 
extracted  from  S-parameters  (Extracted,  solid  circles),  and  simulated  (Modeled, 
open  circles). 

that  is  present  within  the  barrier,  either  fixed  or  ionized  Te,  has  lit¬ 
tle  or  no  impact  on  the  frequency  performance  of  the  HBV  over  the 
measured  range. 

4.  Conclusion 

InAs-based  HBVs  using  In0.3Alo.7As0.4Sbo.6  as  the  barrier  material 
have  been  demonstrated  for  the  first  time.  Current-voltage  and 
capacitance-voltage  characteristics  have  been  measured  for  three 
barrier  thickness:  100,  200,  and  300  A.  Current-voltage  measure¬ 
ments  showed  that  the  current  within  these  HBVs  was  dependent 


upon  the  barrier  thickness,  suggesting  tunneling  through  the  wide 
bandgap  barrier  is  the  dominant  current  transport  mechanism.  The 
exact  nature  of  current  transport  in  these  HBVs  has  not  yet  been 
determined.  5-parameter  measurements  were  made;  and  a  model 
for  the  HBV  consisting  of  a  parallel  resistance  and  capacitance,  rep¬ 
resenting  the  intrinsic  barrier,  and  a  series  extrinsic  resistance  was 
developed.  Symmetric  CV  profiles,  characteristic  of  HBVs,  have 
been  measured,  but  capacitances  higher  than  those  anticipated 
by  the  Chalmers  model  and  simple  depletion  physics  have  been  ob¬ 
served.  It  has  been  hypothesized  that  the  source  of  the  higher  than 
expected  capacitance  is  charge  accumulation  layers  adjacent  to  the 
barrier.  Device  physics  modeling  supports  this  hypothesis.  Future 
work  on  the  exact  nature  of  current  transport  through  the  HBV 
and  the  CV  behavior  of  the  HBV  is  planned. 
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